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After operating for a number of years, a high temperature 
rotary ore cooler suffered cracking. The cracks grew through 
the shell wall resulting in leakage of water from the water bath 
into the ore. Under the extreme temperature, the risk of water 
dissociation into hydrogen and subsequent explosion was of 
substantial concern and instigated the investigation in to the 
root cause of the cracking which was deduced to be driven by 
high thermally induced stresses. The root cause for the 
thermally induced stressing was found to be related to a design 
flaw that was not immediately obvious. The investigation 
outcome was a recommendation to change the design to 
eliminate the high localized stresses which were believed to be 
the driving force behind the corrosion fatigue crack 
propagation.  
This paper presents the investigation approach which 
included advanced thermal and stress analysis and reports on 
the general design principle that should be adopted to avoid 




The rotary ore cooler is an essential item of plant used for 
reducing the temperature of calcined ore (fine particulate 
material). The rotary cooler investigated in this study is an 
indirect rotary cooler which is used to cool the calcined ore 
(herein referred to as ore) from 800°C down to a nominal 
temperature of 200°C; achieved over its length of 27m. The 
rotary cooler operates on the simple principle of heat transfer 
through the walls due mainly to conduction, convection and 
evaporation as seen in Figure 1.  
Cracking in the shell has been a long standing issue and 
aside from the concern of equipment rupture and unacceptable 
maintenance costs, the cracking results in admission of cooling 
water into the cylinder which increases the risk of water 
dissociation into hydrogen [3]. A risk of hydrogen build up and 




Figure 1: Sectional view of rotary cooler as simplified for 
heat transfer analysis. 
 
The investigation into the rotary cooler shell cracking 
involved a range of evaluation methods and approaches which 
included: 
• Overall system energy balance 
• Mechanical load analysis 
• Ore Particle size analysis 
• Ore composition analysis including flow properties 
• Heat transfer properties of the ore 
• Thermal analysis using finite element method (FEM) 
• Stress evaluation using FEM 
• Life evaluation study 
 
The main intent of this paper is to focus on the schematic 
and pragmatic approach taken to determine that the root cause 
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of failure was design related. A proposal to modify the designs 
in such designs is also offered. 
NOMENCLATURE 
ρ Density of steel 
Ac surface contact area 
Cp specific Heat of the ore 
Dt  
hc free convection coefficient for water  
hore Convection coefficient for the ore 
ht Heat Transfer into Body 
k Thermal Conductivity 
L Length of the rotary cooler 
QT Total Rate of Heat Transfer 
r1 Inside radius of shell 
r2 outside Radius of Shell 
RT Total Thermal Resistance 





=   














R3 convection resistance of Ore (K/W) 
T temperature (K) 
V Volume of material  
Ac Outer Surface area 
tc Time constant 
m mass = ρV 
BACKGROUND  
The rotary cooler is a 27m long 3m diameter rotating shell 
which is supported on two sets of self aligning journal bearings 
located at either end of the drum (Figure 2 and Figure 3). The 
un-corroded plate thickness is 16mm. There is currently wide 
spread thinning of the plate material caused by external pitting 
corrosion and internal erosion. 
 
Figure 2: Rotary Cooler External View 
 
Rotating at 3.75rpm, it processes around 700tonnes of ore 
per day. The drum is immersed to a depth of approximately 
500mm below the centerline of the shell. Water temperature is 
typically 70°C but does fluctuate slightly through the year 
depending on the outside ambient temperature. 
Cracking occurs at two separate locations; in the shell and 
in the internal support rings. Cracking in the shell are 
longitudinal (parallel to the axis) and have been up to 130mm 
long. It appears to be predisposed to the region between the 
inlet (hot) end and the middle region of the shell with a lower 
distribution of cracking in the remainder of the length. 
 
 
Figure 3: Rotary Cooler Internal View 
Cracking in the internal support rings results in complete 
separation of a portion of the ring. The typical location for both 




Figure 4: Location of typical shell cracking  
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Figure 5: Location of typical shell cracking  
PROPERTIES OF THE CALCINE ORE 
The thermal properties, chemical composition and particle 
size of the calcine ore (herein referred to as ore) was not 
initially known. In order to undertake a detailed thermal 
analysis the physical and thermal properties of the ore were 
required.  
A Philips XL30 Scanning Electron Microscope fitted with 
an energy dispersive x-ray detector was used to analyse the 
elements present in the black powder sample. The spectrum 
signature shown in Figure 6 was compared with those 
contained on file and results identified the main components to 
be Fe5.6Si 0.6O8. The breakdown of the chemical composition 
is shown in Table 1. 
 
Table 1: SEM approximate qualitative analysis of the 
elements in the power supplied. 
Element Wt % At % 
O 22.12 44.52 
Mg 5.58 7.39 
Al 3.34 3.99 
Si 7.21 8.27 
S 0.52 0.53 
Cr 1.4 0.87 
Mn 1.28 0.75 
Fe 56.46 32.55 
Ni 2.08 1.14 
Total 100 100 
 
The particles shape and size was examined using an optical 
microscope. The particles have been established as rounded and 
on average about 5 microns is size. The particle size range is 
approximately 1 to 10 microns, details of the particle size result 
is shown in Figure 7. 
To determine the heat transfer properties of the ore several 
methods were utilized. The first was experimental data 
obtained by measuring the thermal ratio (h/Cp) which 




Figure 6: SEM approximate qualitative analysis of the 
elements in the power supplied. 
 
Figure 7: Optical image of the particles showing the 
shape and size range. 
An alternative analytical approach was also used to 
calculate the heat transfer coefficient of the ore by applying the 
thermal resistance concepts for the total rate of heat transfer 






=                 (1) 
By replacing the upper temperature term in (1) by the 
logarithmic mean temperature difference, the assumption of a 
steady state system can be maintained. The equation for the 

























21               (2) 
Cracking through 
support ring 
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TmCQ pT Δ=        (3) 
The value for total heat transfer QT can be calculated by 
applying Newton’s law of cooling (3). RT can then be 
established by solving and re-arranging equation 1 through 3.  
By applying the formula (4) and (5) the heat transfer 
coefficient for the ore can be calculated.  
( )213 RRRR T +−=               (4) 
orechA
R 13 =            (5) 
The analytically evaluated convection heat transfer for the 
ore based on the formulas above gave a value of approximately 
34.4 W/m²K. A literature search suggests possible convection 
heat transfer values for fine powders ranging between 
20W/m²K to 80W/m2K albeit this is specifically for fluidised 
beds. A value of 40W/m²K has been used in the FEM 
modelling as this appeared to provide a balance between an 
extreme and unreasonable temperature distribution. FEM 
analysis which is addressed in later has shown that the outer 
shell temperature does not exceed 100°C which was not 
unexpected. Observations indicated the persistence of surface 
moisture for a considerable duration after the shell exited the 
water bath and there was no appearance of active boiling of the 
film. 
THERMAL ANALYSIS PROCEEDURE  
The thermal analysis was undertaken using the commercial 
finite element code Strand7. Great care has been undertaken to 
ensure that models are valid and reasonable. Both 2D and 3D 
FEA models were produced in order to verify the accuracy of 
the thermal analysis models.  
The simplified 2-D model was used to trial different heat 
transfer coefficients, to test the temperature distribution 
through the ring and shell. This model permitted sensitivity 
analysis to be undertaken and changes to be made quickly and 
simply (Refer to Figure 8 and 9 for FEM model details). The 
thermal coefficients verified using the 2D model was then 
applied to the 3D model for more comprehensive analysis.  
 
 
Figure 8: 3D model showing the plane of axisymmetry 
 
The possibility of the cracking being related to the high 
cycle fatigue caused by thermal cycling during each full 
rotation (as demonstrated in Figure 10) has been investigated. 
Applying the transient thermal response analysis combined 
with the lumped thermal capacity model the relationship 
between the heat transfer into the body and the increase in the 








Figure 9: 2D Axisymmetric model used for sensitivity 
studies of the thermal coefficients. 
Applying this equation to the rotary cooler based on the 
assumption that heating is only occurring on the inside surface, 
the temperature of T to determine the tc value, determined by 
equation (6). 
( ) dtmCdTTAh ptct =−∞       (5) 
Integrating equation [5] between t=0 and T(t), allows the 
transient temperature profile of the body during each cycle to 








        (6) 
The transient temperature profile calculated by applying 
equation (6) is shown in Figure 11. The results were compared 
against transient heat transfer analysis undertaken using FEM, 
results are shown in Figure 12. There is a small error shown 
between the FEM and the analytical approach. Nonetheless the 
errors were negligibly small and as such the results obtained 
from the FEM analysis were seen as being valid. 
 
Plane modeled in 2D 
shell 
Support rings 
Simulated contact resistance 
between lifter bars and ribs 
Lifter bar attachment angle 
Simulated compacted ore 
Line of symmetry
Fillet Weld 
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Temperature decreases due to 
evaporation and air cooling 
Temperature increases due 







Figure 10: Representation of thermal cycles in the shell 
THERMAL ANALYSIS RESULTS  
The main results obtained from the thermal analysis are 
detailed in the following. 
The steady state temperature fluctuations (difference 
between maximum shell temperature and minimum shell 
temperature during one revolution) were determined to be 
somewhere between 4°C-8°C. The reason for the relatively 
large range is explained later in the paper.  
The FEM heat transfer analysis was simplified to 
considered two states, the first was the duration of time while 
in contact with the water (external heat transfer) and ore 
(Internal heat input) the second was the duration of time not in 
contact with the water (no direct heat input and only heat 
transfer to air). A transient heat transfer analysis was 
undertaken based on the alternating thermal states until the 
steady state condition was reached. The results of the transient 
heat transfer FEM as predicted using the transient solver in the 




























Figure 11: Transient Heat Plot of the shell temperature 
differential during 1 full rotation 
The graph estimates that the differential temperature of the 
shell during 1 full cycle will reach the steady state condition 
after approximately 30 full rotational cycles at which time the 
temperature of the shell will maintain constant fluctuating 
temperature between the ranges of 4°C-8°C as discussed 
earlier.  
The FEM heat transfer results for the steady state condition 
indicated that there is a temperature differential of around 
400°C extending the distance from the outer shell to the inner 
edge of the lifter bar support ring upper edge as seen in Figure 
12. The heat transfer results have been found to correlate 
closely to the actual measured surface temperature as shown in 
the thermo graphic image displayed in Figure 13 
 
 
Figure 12: Thermal heat transfer FEM results using 




Figure 13: Thermo graphic image of rotary cooler 
STRESS ANALYSIS RESULTS OF CURRENT DESIGN 
The stress analysis was undertaken using the commercial 
FEM code Strand7. Since the analysis is concerned with crack 
initiation and crack growth through the shell wall, it was 
necessary to model shell and support rings using 3D solid 
elements, hex8 solid brick elements were selected for the 
analysis model. The temperature profile used to analysis the 
thermal stresses was exported from the 3D thermal analysis 
model as discussed in the previous sections. 
The results of the stress analysis highlighted two locations 
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concentration, the two areas are highlighted in Figure 14 as 
areas 1 and Areas 2. Both these are consistent with the 
locations of the known cracking as detailed in earlier Figures 4 
and 5.  
The main results obtained from the FEM investigation are 
detailed below: 
• The stress on the inner surface is fully compressive with 
all evidence suggesting that the stress on this inner 
surface is non-reversing in nature throughout the entire 
revolution. 
• The direction of the maximum principal stresses is not 




Figure 14: Tresca Stress Plot of internal ring and shell. 
 
• The stresses on the outside surface of the shell was found 
to be tensile, with the maximum localized stress value 
exceeding 500MPa 
• The direction of the maximum principal stress for the 
outer surface shell was also seen to be aligned normal to 
the direction of the expected crack propagation. 
• Extremely high stresses exceeding 550MPa occur 
between the pin holes and the mouse hole on the lifter bar 
support ring. The orientation of the principle stress 
(shown in Figure 15) is aligned perpendicular with the 
expected crack growth and clearly correlates with 




Figure 15: Principle Stress Plot of the support ring 
between the pin holes and the mouse hole 
STRESS ANALYSIS RESULTS OF MODIFIED DESIGN 
In order to reduce the thermally induced stress in the shell 
several alternative design modifications for the support ring 
were investigated. The three design modifications trialed were 
a ‘Continuous Rib, ‘Multiple Slits in Rib’ and ‘Lug 
replacement ‘(Figure 16).  
The results of the three design modifications are 
summarized below: 
 
Continuous Ring (Option 1) (Stress plot figure 17) 
• The shell stress showed an almost 30% reduction. 
• The stresses between the hole and top edge of the plate 
were extremely high with values predicted 2 times yield, 
at this level of stress cracking would be inevitable. Once 
this first crack had broken through, the second crack 
would then form between the bolt hole and the mouse 
hole. Once this complete through cracking on the support 
ring occurs it inevitably initiates shell cracking.  
 
Multiple Slits in Ring (Option 2) (Stress plot figure 18) 
• Stress in the toe of the rib to shell intersection increased 
by 60% which would result in crack propagation. 
 
Lug Option (Option 3) (Stress plot figure 19) 
• This design modification resulted in localized stresses 
decreasing to almost 50% of the stress levels in the 
current design. 
• The maximum recorded localized stress was found to be 
less than 200MPa. 
 
 
Continuous Ring (Option1) Multiple Slits (Option2) 
 
Lugs (Option 3) 
 




Area 2 Area 1 
Predicated crack growth based on principle stress. 
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Figure 17: Stress Plot of the support ring between the 




Figure 18: Stress Plot of the support ring with 




Figure 19: Stress Plot of the support ring converted to 
lug design (Design Option 3) 
The optimum solution for reducing the localized thermal 
stressing in the shell and ensure prolonged service life is to 
modify the support ring into a series of separate lugs spaced 
evenly around the diameter of the shell.  
The spacing between the lugs was also found to be of 
significant importance in reducing the stress intensification.  
The optimum lug spacing was found to occur when the angular 
spacing between lugs was no closer than 9.5°. 
DISCUSSION 
The temperature fluctuations between point 1 and 2 shown 
in Figure 10 was initially calculated (using FEA) to be 5°C as 
seen in Figure 11. This calculated steady state value was 
believed to be slightly conservative due to simplifications made 
in the analytical approach which included neglecting the 
fouling factor on the outer layer of the shell. A sensitivity 
analysis of the variation in heat transfer coefficients undertaken 
on a simplified axi-smmyetric model suggested that the values 
could vary between the ranges of 4°C-8°C. This fluctuating 
temperature range is relatively low in comparison to the 
compared to the overall operating temperature of the shell 
(approximately 95-100°C). In normal cases this range of 
temperature fluctuations would not likely be a direct cause for 
thermal fatigue [3, 4]. However for a damaged shell or overly 
high residual stressed areas, this may be sufficient to assist in 
crack initiation and growth. 
Due to process and time constraints material samples 
containing cracks were not provided for this investigation. As 
such there still remains a degree of uncertainty a number of 
issues, viz.: 
• Location of the crack initiation 
• Shape of the crack  
• Length of crack before breakthrough occurred 
• Frequency of cracking  
Although these points cannot be verified, the results from 
the thermal and stress analysis appear to be conclusive in the 
outcomes and close correlation between the results and the 
actual observed data further supports the analysis results and 
outcomes. 
The review has identified that the principle cause for the 
crack propagation through the shell is design related. The large 
thermal gradients observed in the ring generate significant 
thermal loads on the relatively thin shell. By segmenting the 
ring the size of the thermal load is reduced to levels that can be 
sustained by the shell material.  
It is clear that for cases where high thermal gradients 
present in relatively thin projections such as the lifter bar ring 
attached to much larger thermal masses the generalized 
procedure of reducing the volume of material subject to the 
thermal gradient should be considered.   
Although the explanation for the crack propagation is 
understood there still remains a degree of uncertainty over the 
cause for the crack initiation, one possible cause proposed by 
the author is that the cracking may be a result of 





Highly localized stress predicted at 
over 2.5 times yield 
Maximum Localized stress 200MPa 
which is below yield 
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pitting corrosion. Typically corrosion fatigue is classified as a 
crack development under the simultaneous action of corrosion 
and fluctuating or cyclic stress, however corrosion fatigue can 
also be affected by static stress situations, similar to “stress 
corrosion cracking” [2], several points are provided as 
supporting evidence for the proposal of corrosion fatigue: 
• Evidence of wide spread corrosion pitting on the external 
surface was identified. 
• Stress on the external surface is a tensile stress 
• The direction of the maximum principle stress on the 
external surface is aligned normal to the direction of the 
documented crack growth 
Although the evidence would tend to suggest corrosion/ 
fatigue as the most likely cause, other possible causes could 
also have been: 
• General fatigue cracking initiating in the high residual 
stress field of the attachment fillet weld between the 
support ring and the shell.  
• Thermal ratcheting, although this is believed to be less 
likely due to the relatively small predicated thermal stress 
range as discussed earlier. 
 
There are however several additional comments that 
should be highlighted, the first is that the thermally induced 
stress in this region has been found to be compressive in nature, 
the second point to note is that the direction of the maximum 
principle stresses are not aligned normal to the direction of the 
expected crack growth. 
Based on these findings, although fatigue cracking may 
have been the cause for the crack initiation, the more probable 
cause for the cracking is believed to be corrosion/fatigue driven 
by high thermally stresses and external pitting corrosion. 
Despite the uncertainty in determining the driver of crack 
initiation and propagation, what is clear us that stresses are 
severe and consistent with observed cracking. Removal of the 
high stress should eliminate the cracking, ideas support in part 
by Price [1]. 
The review has highlighted the need for a generalized 
design principle when dealing with expected high thermal 
gradients present in relatively thin projections such as the lifter 
bar ring attached to much larger thermal masses. These 
projections must be segmented as much as is practical. The 
proximity between segments is equally important and should 
where possible ensure that the gap between the segments is at 
least equal to the width of the actual segment width.  
 
CONCLUSIONS 
The analysis concluded that there were several possible 
causes for the through shell cracking. The first and most likely 
cause is believed to be corrosion fatigue, driven by high 
thermally induced stresses due to severe thermal gradients of 
the order of 400°C along the lifter bar support rings. The 
random nature of the crack initiation sites as identified by 
historical data, would suggest that the most likely cause for the 
crack initiation is due to external pitting corrosion. 
The second possible cause is fatigue cracking resulting 
from fluctuating tensile stresses within the weld residual stress 
regions, propagated by the high thermally induced stress at the 
edge of the lifter bar support ribs. 
 
Despite the uncertainty in determining the driver of crack 
initiation and propagation, what is clear us that stresses are 
severe and consistent with observed cracking. Removal of the 
high stress should eliminate the cracking. 
The review has highlighted the need for a generalized 
design principle when dealing with expected high thermal 
gradients present in relatively thin projections such as the lifter 
bar ring attached to much larger thermal masses. These 
projections must be segmented as much as is practical. The 
proximity between segments is equally important and should 
where possible ensure that the gap between the segments is at 
least equal to the width of the actual segment width.  
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